Abstract: The need for molecules with high specificity against noxious insects leads the search towards spider venoms that have evolved highly selective toxins for insect preys. In this respect, spiders as a highly diversified group of almost exclusive insect predators appear to possess infinite potential for the discovery of novel insect-selective toxins. In 2003, a group of toxins was isolated from the spider Macrothele gigas and the amino acid sequence was reported. We obtained, by molecular biology techniques in a heterologous system, one of these toxins. Purification process was optimized by chromatographic methods to determine the three-dimensional structure by nuclear magnetic resonance in solution, and, finally, their biological activity was tested. rMagi3 resulted to be a specific insect toxin with no effect on mice.
Introduction
Animal venoms are one of the most intriguing natural products already studied. Among them, spider venoms are chemical cocktails consisting mainly of low-molecular weight polypeptide toxins and large enzymatic proteins with an enormous value of insecticidal leads, 1 which have great potential for being used as biopesticides and in biotechnological applications due to their high specificity on insect ion channels. 2 Therefore, studies on the relationship between toxin structures and the pharmacology of insecticidal ion channels are fundamental to understand and to develop more efficient and selective insecticidal toxins. 3 However, the amount of venom material usually obtained in spider venoms is low, which often had limited structural studies and applications of many insecticidal spider toxins to pursuit further research. Other difficulties observed in studying some spider neurotoxins is their modified N-termini, such as formation of pyroglutamate, or most commonly C-terminal amidation. 3 Also, approximately 90% of spider venom peptides are compact globular proteins possessing several disulfide bridges, which usually range from two to seven. Furthermore, spider toxins often contain a "disulfide pseudoknot" which places them in a class of toxins and inhibitory polypeptides with an "inhibitory cystine-knot" (ICK) motif. 4 This structural motif is currently exemplified as an antiparallel b-hairpin stabilized by a cystine-knot 5, 6 and this has been reported in the majority of spider toxin structures.
In this work, we solved the structure of the insecticidal spider toxin rMagi3, which was originally obtained from the venom of the hexathelidae spider Macrothele gigas. Magi 3 is a 46-residue polypeptide containing five disulfide bridges, and it affects the insect sodium channels. 7 Magi 3 was expressed heterologously in E. coli and refolded in vitro. It had a low affinity to the Nav1.4 channel confirming its absence of toxicity to mice, but its effective insecticidal preference in paralyzing house crickets.
Results

Expression and purification
The trx-6His tagged rMagi3 was recombinantly expressed in E. coli Rosetta gami/pET32a. The protein was obtained soluble from the cellular lysate, and it was efficiently retained by a HiTrap Ni 21 column [ Fig. 1(A) ].
Since uncontrolled disulfide-bond oxidative scramble of cysteine-rich arachnid toxins could occur during bacterial expression, [8] [9] [10] the trx-6His-rMagi3 fusion protein was submitted to a refolding process to improve the yield of a well-structured rMagi3.
After that, the trx-6His-rMagi3 was enzymatically cleaved with thrombin, and the trx-His6-LVPR residue was satisfactorily removed from the reaction mixture by a second IMAC separation [ Fig. 1(B) ]. Purification of the non-retained fraction was performed by RP-HPLC. It was observed that there was only one major component at 16.8 min, the protein fraction of interest contained the molecular mass of 5782.2 Da corresponding to the theoretical molecular mass of the peptidic fragment SAAAAGM-Magi3 (Fig. 2) . A broad protein fraction was observed at 16.0 min, which did not show any of the expected molecular masses that indicated the presence of a different recombinant isoform or conformer. The efficiency of the enzymatic proteolysis was 25% after the refolding process. Therefore, to remove the Nterminal peptide SAAAAGM to obtain the reported mature toxin of Magi3, SAAAAGM-Magi3 was chemically hydrolyzed using CNBr to achieve the mature toxin named rMagi3. After chemical hydrolysis, rMagi3 was purified by HPLC and its molecular mass value agreed with the expected theoretical one of 5223.77 Da containing five disulfide bonds (Fig.  3) . The final yield in LB media was 0.3 mg/L. rMagi3 disulfide bond connectivities and three dimensional structure NMR 1D-1H and the 2D-TOCSY finger region spectra are shown in Figures S1 and S2. It was not identified other conformation structures rather than that observed in Figures S1 and S2. After that, rMagi3 was subjected to enzymatic digestion with trypsin, and the disulfide-bond connectivities were established based on the NMR constraints and the results of the enzymatic digestion. The major fragment from the enzymatic cleavage had a molecular mass of 3781.7 Da, which corresponds to the amino acid sequences that comprises the connectivities between the cysteines C 2 , C 5 , C 6 , C 7 , C 8 y C 10 ( Fig. 3) . Also, the position of the disulfide bridges was established by analyzing the NMR experimental results independently. A NOE signal between Hb -Hb from Cys 10 and Cys 24, which corresponds to C 2 -C 6 cystine pair, was found. Three CYANA calculations were performed with different input parameters to analyze the disulfide bond connectivities. The first calculation included data without disulfide bond restrictions. This result provided the NOE constraint contributions for the structure, which was used as a reference. The second calculation was done using disulfide bond restrictions as mentioned in Uniprot: P83559 (C 1 -C 4 , C 2 -C 6 , C 5 -C 8 , C 3 -C 9 and C 7 -C 10 ). Finally, the last set of structures were calculated considering the most proximate cysteins in the structure generated by the calculation without disulfide bond restrictions to form the restrictions of disulfide bridges (C 1 -C 4 , C 2 -C 6 , C 3 -C 9, C 5 -C 10 and C 7 -C 8 ) and given that these bonds were consistent with the molecular mass of the fragments obtained after trypsin hydrolysis. Table I shows the statistics and RMSD values of these three calculations. After the comparison of the backbone from residues 3 to 43 of the lowest energy structure for each set of calculations, the RMSD of the reference structure resulted of 2.6 Å for the disulfide bridges proposed by Uniprot, and of 1.2 Å for the disulfide bridges anticipated in this work. A total of 200 structures were generated with CYANA 2.1, and only 20 structures with the lowest target function are shown. We also performed molecular dynamic simulations in AMBER 9 to refine unrestricted regions of the structural models obtained in CYANA (Fig. 4) . As a result of the molecular dynamic calculations using only NOE data, all proline residues were found to be in trans conformation. rMagi3 adopts an ICK motif commonly observed in neurotoxic arachnic polypeptides; 11, 12 that is, rMagi3
possesses a cysteine knot formed by three disulfide bonds paired as C 1 -C 4 , C 2 -C 6 , and C 3 -C 9. The disulfide bond C 3 -C 9 passes through a 16-residue ring formed by the other two disulfide bonds (C 1 -C 4 y C 2 -C 6 ) and the corresponding polypeptide backbone.
The main structural characteristic of rMagi3 is a double-stranded antiparallel-sheet [ Fig. 4 (B)], which is formed by the residues Val22-Cys26 and Cys34-Arg38, and by a third strand that crosses over the residues His8-Ser9. At the N-and C-terminal regions, the rMagi3 structure is quite disordered, which is a consequence of the lack of long range NOEs constrains. The Magi3 structure is in good agreement with the chemical shift index 13 (see Fig. S4 ).
Voltage-gated ion channels assay in oocytes
Previously, it was reported that Magi3 inhibits the voltage-gated insect sodium channel, to evaluate whether the effect of rMagi3 was specific for voltage-gated insect sodium channels, we explored the activity of rMagi3 in rat Nav1.4 channel. Where rMagi3 inhibited 23 6 3% and 35 6 2% of the Nav1.4 ion currents at concentrations of 50 and 100 lM, respectively (Fig. 5) ; without affecting the V 1 =2 (-25 6 2.1, control, vs. 22.5 6 1.8, rMagi3 100 lM). This data fit was obtained using a Boltzmann equation. Moreover, the time constant of inactivation at 210 mV were fit by a single exponential, with s control of 10 6 0.1 ms and s rMagi3 of 5 6 0.2ms. These values indicates that rMagi3 has not mammalian toxicity.
Insect and mice activity
The insecticidal activity of rMagi3 was tested using doses from 0.93 to 119 lg/g crickets. The minimal amount used caused neurotoxic effects immediately after intra-thoracic injection. The knock/down effect was immediate; insects were unable to stand up, or to show leg movements. The largest dose caused the insect's death. On the other hand, mice were intracranially injected using doses of 1 and 5 lg per mouse (Table II) , rMagi3 did not show toxic effects up to 5 lg/mouse (4.8 pmol/g). Mice were observed for a period of 24 h.
Discussion
rMagi3 was obtained as a single molecule as observed by reversed-phase chromatography, mass spectrometry and NMR spectra; so, considering that this is the first structure of a recombinant spider toxin with five disulfide bonds, it is a remarkable result. The NOE's restriction data suggest that the disulfide bonds are formed by C 1 -C 4 , C 2 -C 6 , C 3 -C 9 , C 5 -C 10 , and C 7 -C 8 , which are different from those suggested in the Uniprot data base that points out the disulfide bonds C 5 -C 8 and C 7 -C 10 instead of the C 5 -C 10 and C 7 -C 8 bonds. The ICK motif, which is a highly conserved characteristic in spider toxins, was present in rMagi3, and it could thermodynamically explain the only structure found after the refolding process. The conservation of the ICK in several neurotoxic peptides appears to be an evolutionary strategy to be used by venomous organisms to display chemical and biological diversity on an optimized and stable protein scaffold. 14 Several neurotoxins that conserve the ICK are active on sodium and calcium insect ion channels. 15, 16 rMagi3 is also the first five disulfide bond protein reported to present the ICF motif. Although, there is still no direct association between neurotoxic ICK peptides and a given specificity towards cell receptors; rMagi3 is an a The initial data set of NOE restraints for all calculations was the same. The first set was calculated using only NOE restrains and no disulfide bridge constrains (Calc 1). A second structure calculation set was done considering using as disulfide bond restrictions mentioned in Uniprot (Calc 2): C 1 -C 4, C 2 -C 6 , C 5 -C 8 , C 3 -C 9 and C 7 -C 10 . Last calculations were done including disulfide bond restrictions observed (Calc 3): C 1 -C 4 , C 2 -C 6 , C 3 -C 9 , C 5 -C 10 and C 7 -C 8 .
example of a five disulfide bond insecticidal spider toxin with ICK motif. Since only one conformational structure in the recombinant protein with just one disulfide bond connectivity out of 945 possibilities (full oxidized peptide) was obtained, and the characteristic cystein knot motif for this type of toxins was observed, it is very likely that we obtained the Magi3 native structure. Furthermore, rMagi 3 has a significant homology with a group of spider insecticidal toxins already described; for example, Pltx-II, Pltx-XII, Pltx-V/VI, Pltx-XI, and Ptlx-VIII isolated from venom of the North American spider Plectreurys tristis, and OxyTx1 from the venom of the Asian spider Oxyopes sp. 8, 17 All of them present 10 cysteines in the same analog positions; however, the connectivity of their disulfide bonds and their three-dimensional structure have not been yet determined experimentally. Although, Magi 3 has been shown to bind to the insect's sodium channel, but Pltx-II and OxyTx1 blocked the insect calcium channel, 17,18 rMagi3 structure could be used to establish the disulfide bridges of such spider neurotoxins. Although Magi3 inhibits the binding of the 125 Ilabelled scorpion alpha-insect toxin Lqh-alpha-IT to the site-3 of the voltage-gated sodium channel in cockroach synaptosomes, 7 Magi3 has not been assigned to any sodium channel spider toxin (NaSpTx) family according to Klint, 19 who had classified spider neurotoxins into 12 different protein which belong to family 4 [ Fig. 6(B) ]. The tertiary structure of Magi3 and family 4 toxins are also similar due to the fact that family 4 disulfide bonds correspond to those of Magi3 without the extra link C7-C8. The disulfide bond connectivity probably allows these structural similarities; but they are not alike in their primary structure. Because the activity of rMagi3 towards hNav1.4 was very poor, it was decided to test its toxicity directly on mice. rMagi3 did not show toxicity against mice; so we could assert that it is not toxic to mammals. The non-mamalian toxicity contrast with its notable insecticidal activity in house crickets. rMagi3 produced immediate effects causing paralysis and death of such insects. This results confirm our previous statement that rMagi3 disulfide bond connectivities are well established, since the correct formation of disulfide bond is indispensable for biological activity in this type of neurotoxins. 22 Comparing its activity against crickets with other insecticidal neurotoxins from those belonging to NaSpTx family 4 and 6, and those which obtained from the same venom of Macrothele gigas, Magi3 has a very low LD 50 (191 nmol/g), see rMagi3 has none toxicity against mice. rMagi3 is one of several insect toxins purified from Macrothele gigas, but with high insecticidal potency. Also, it is clear that the Magi3 is similar in the ICK motif among the NaSpTx families; however, the disulfide bridge formed by a large number of cysteins, and its sequence let Magi3 to be an specific toxin for insects. The lack of identity with this kind of toxins strongly suggest that the ICK motif is not so relevant for its activity, but the distribution of aminoacids in the toxin surface it is.
Conclusions
We report for the first time the structure of the five disulfide-bonded rMagi3, an insecticidal toxin which shows notable activity on insects. The rMagi3 structure is an anti-parallel b-sheet with an additional cross b-strand. The disulfide bond connectivity of rMagi3 is a new motif found for these type of toxins (C 1 -C 4 , C 2 -C 6 , C 3 -C 9 , C 5 -C 10 , and C 7 -C 8 ). The 3D structure shows similarities with that reported for the NaSpTx family 4, despite this family has only four disulfide bonded protein members, and they are not similar in their amino acid sequences. rMagi3 has not toxicity on mice considering several other spider toxins in such family 4; but, it shows a very good activity against house crickets. Our results strongly suggest that Magi3 belongs to a new insect toxin family of NaSpTx.
Materials and Methods
rMagi3 cloning
Magi3s gene was designed based upon the amino acid sequence reported in the UniProt entry P83559 7 and codon-optimized for E. coli expression.
The synthetic designed Magi3 gene was manufactured by Epoch Life Science (Missouri City, TX, USA) and cloned into the pET32a expression vector which includes a thrombin recognition site at the Ntermini. The recombinant protein was expressed as a fusion thioredoxinA chaperon protein, a 6His-Tag for purification and a thrombin cleavage site for further elimination of the 6His-Tag. The genetic construction included also an N-termini GSAAAAM amino acid sequence just after the thrombin cleavage site; accordingly with our experience, it is necessary to have a considerable molecular distance between such cleavage site and the first cysteine residue, which form a disulfide bond to make the enzymatic cleavage more effective. The designed Magi3's gene was cloned into the pET32a vector, and the pET32a-rMagi3 constructed plasmid was confirmed by DNA sequencing from Laragen Inc.
(Culver City, CA, USA).
Production, purification, and refolding of recombinant rMagi3
The recombinant peptide was expressed in E. coli Rosetta-gami strain as follows; bacterial cells already transformed with pET32a-rMagi3 were incubated in 1.5 L culture flasks containing LB media (Miller's modification) at 378C and a rotation speed of 220 rpm. When the optical density of the cell culture (600 nm) reached a value of 0.7 units, the expression of pET32a-rMagi3 was induced with 0.5 mM IPTG. Simultaneously, the incubation temperature was lowered to 308C and maintained for 8 h more. The bacterial cells were collected by centrifugation at 6000g for 20 min, and subsequently, a gram of wet-weight cells were re-suspended in 7 mL of a buffer containing 50 mM Tris, 300 mM NaCl at pH 8.0. Cells were broken down by sonication (10 min pulses of 20 s with 55 W; 40 s delay between each pulse), and the soluble fraction was clarified by centrifugation at 37,500g for 45 min. The soluble proteins were fractionated by ion-metal affinity chromatography (IMAC; Hi-Trap chelating columns from GE-Healthcare, Waukesha, WI, USA), and the eluted protein fraction of interest was dialyzed overnight against Tris 50 mM at pH 8. The cysteines of the rMagi3 fusion protein were oxidized with buffer 1 (GndCl 5M, DTT 10 mM, Tris 50 mM pH 5 8) for 3 h at 258C. Later, the DTT was removed again by dialysis using Tris 50 mM and GndCl 1 M at pH 8, and a refolding buffer (50 mM Tris, 1 mM oxidized glutathione and 5 mM reduced glutathione at pH 8) at a flow rate of 1 mL per min until a final protein concentration of 80-120 lg/mL was added. The refolding reaction was carried out for 4 days at 258C, and after that, it was concentrated by ultrafiltration using an Amicon system (Millipore, Billerica, MA, USA) with a 10 kDa cut membrane at 48C. The refolded protein was washed with 50 mM Tris pH 9 buffer, and the protein concentration, determined by Bradford, was adjusted to 1.5 mg/mL for further enzymatic digestion with thrombin. The enzymatic reaction was carried out at room temperature for 3 h in 50 mM Tris-HCl, pH 9. The cleaved protein products were purified again by IMAC to remove the 6His-tail of the rMagi3 fusion protein.
Reversed-phase chromatography
The final rMagi3 purification were performed with a Proteo C4 analytical reversed-phase column (300 Å pore size, 4.0 lm particle size, and 4.6 3 250 mm, Culver, CA, USA). The linear gradient was from 15 to 50% of solution B over 24 min at a flow of 1 mL/ min, where solution A was 0.05% (v/v) aqueous TFA and solution B was 0.05% (v/v) TFA in ACN.
CNBr reaction
AAAAM-rMagi3 was directly dissolved in 50% (v/v) TFA to a final protein concentration of 1.7 mM. The protein solution was purged with nitrogen prior to the addition of an excess of 100-fold molar equivalents of cyanogen bromide (CNBr 5M; SigmaAldrich, St. Louis, MO, USA) for each methionine in the protein sequence. The reaction was protected from light for 24 h under stirring in N 2 atmosphere.
The reaction was quenched adding water with a proportion of four-fold reaction volume. The protein solution was diluted with Tris 50 mM at pH 8 buffer until the pH was higher than 1.5. Finally, the sample was recovered from the solution by reversedphase HPLC purification as mentioned.
Mass spectrometry and disulfide bond connectivity determination
For disulfide bond connectivity determination, 5 lg of pure rMagi3 and 250 ng of trypsin were dissolved in 15 lL of reaction buffer (Tris 50 mM at pH 8.0) and then incubated at 378C for 16 h. For MS analysis, I lL (ca 10 ng) of a given eluted fraction from HPLC was mixed with 1 lL of a supersaturated of solution of alpha-cyano-4-hydroxy-cinnamic acid (acetonitrile-water 2:1 and 0.05% TFA 24 The signals were weighted with sinusoidal function, zero filled to the double of number of points used in both dimensions.
Structure calculation
Experimental data sets were processed with NMRPIPE software. 25 Peak picking, spin systems identification, and NOE signals assignment were done in CARA 1.5. 26 Automatic NOE assignments and structure calculations were performed in CYANA 2.1 27 using the 300 ms mixing time NOESY signals. To confirm the results, the chemical shift indexes were calculated for Ha protons (see Fig. S4 ). The protein model was constructed with a set of 20 structural representations selected from calculations using the lowest energy value and no violations constraints. Individually, the assemblies were submitted to a molecular dynamics refinement in AMBER 9.
28
Refined structural model of rMagi3 was validated and uploaded to the Protein Data Bank (PDB ID: 6AX2) and Biological Magnetic Resonance Bank (BMRB ID 30339).
Bioassays
Insects. House crickets (Gryllus bimaculatus) were injected intrathoracically between the second and third pair of legs, with different doses of rMagi3 previously dissolved in dH 2 0. Controls were done with distillated water only and the crickets were closely observed up to 2 h. The classification "paralysis" was considered when the cricket lost all mobility for 2 h, but finally recovered. The lethal effect was said, when the crickets died after injection (see Table II ).
Mice. The protocol used for assaying the activity of peptides in vivo was followed according to the guidelines of our Institute Committee of Animal Welfare, keeping the number of animals to a minimum. Male mice (CD-1, 20 g body weight) were tested by intracranial rMagi3 injection, where the symptoms were dose-dependent. rMagi3 was diluted to achieve a 1 lg/lL concentration, with 0.15 M saline containing 0.25 mg/mL of BSA. The injections (1 and 5 lL), with a 10 lL micro-syringe fitted with a glass capillary, was performed mid-way between the left eye and the left ear (intracranial). Negative controls were done with 0.15 M saline containing 0.25 mg/ mL of BSA only and positive controls with the neurotoxic scorpion peptide CssII isolated in our laboratory. 29 Mice were observed for toxicity symptoms up to 24 h. Toxicity assessments in mice were classified as follows; mild toxicity was considered when the mice showed alterations such as restless and piloerection in its behavior after venom fraction injection; moderate toxicity was when the mice showed additional symptoms of intoxication such as sialorrhea and/or hyperactivity, but recovered before 24 h; severe toxicity was considered when the post-24 h injection the mice still showed signs of intoxication (hypoactivity, forced abdominal breathing, partial paralysis of limbs, and exophthalmus), but it finally was recovered; and, lethal when the mice died.
Voltage-gated ion channels assay in oocytes cRNA of the clone for rat Nav1.4 in vector pBS-SK (1/-) resistant to ampicillin was linearized with NotI and transcribed in vitro with T7 RNA polymerase (mMessage mMachine kit; Ambion, TX, USA). Electrophysiology was performed as described in detail previously. 30 Each defolliculated Xenopus laevis oocyte was injected with 10 ng of cRNA. Voltage-clamp recordings were done (1-3 days after injection) with the membrane potential kept at 2100 mV using a two-electrodes voltage-clamp amplifier (model OC-725 C, Warner Instruments Corp., Hamden, CT, USA) at room temperature. Sodium currents were generated by de-polarizations between 260 and 60 mV, in 10 mV increments by 20 ms. The composition of the ND96 electrophysiological solution was: NaCl 96 mM, KCl 2 mM, CaCl 2 1.8 mM, MgCl 2 1 mM, HEPES 5 mM, and pH 7.5.
The glass microelectrodes were filled with 3M KCl. The effect of rMagi3 was tested at least in three different oocytes.
